Abstract. Constructed wetlands have been used effectively to reduce the mass loads of organic and nutrient components from swine anaerobic lagoons. Continuous marsh wetlands with gentle slope and intermittent flows seem to be the best for promoting oxidation and minimizing ammonia volatilization. However, the pond section of the marsh-pond-marsh section could potentially be effectively aerated by mechanical means or plant root transport from selected wetland plants. The objective of this research was to determine if covering the pond section with floating wetland vegetation could enhance nitrogen cycling, reduce ammonia volatilization, and lower estrogenic levels. Marsh-pond-marsh wetlands were retrofitted with a floating fabric cover containing slots for wetland plant establishment. Both mechanically aerated and naturally aerated conditions were evaluated for estrogenic component removals, ammonia volatilization, and total nutrient removals. Both the covered and uncovered wetlands reduced the estrogenic levels in the swine wastewater. The floating marsh substantially reduced the ammonia volatilization, but it did not promote significantly greater nitrogen treatment than reported for continuous marsh wetlands.
Introduction
Over the last decade constructed wetlands have been investigated for livestock waste treatment (Hunt et al., 1993; Cathcart et al., 1994; Moore et al., 1995; Cronk, 1996; Knight et al., 2000; Hunt and Poach, 2001; Hunt et al., 2002) . This research verified that constructed wetlands used in conjunction with land application were effective for treating animal wastewater, especially the removal of nitrogen and oxygen demand. However, in nearly all of these investigations, meeting the oxygen demand was a limiting factor for nitrogen and phosphorus treatment Szogi et al., 2004) .
Modifications of wetland operation can enhance the oxygen content of the wastewater and wetland soil and thereby improve the treatment. These oxygen enhancing modifications include the application of wastewater on an alternating fill and drain cycle. Pulsed application of dairy and swine wastewater to wetlands somewhat enhanced removal of chemical oxygen demand (COD) and nitrogen as compared to continuous application (Tanner et al., 1999; .
While oxygen input to wetland soil can be enhanced by the modification of wetland operation, oxygen input to the wastewater can also be enhanced by the modification of wetland design. One of these design modifications, referred to as a marsh-pond-marsh (m-p-m) design, consists of a traditional continuous-marsh design bisected by a deeper, open-water or pond section. The pond section has been shown to increase the dissolved oxygen concentration and oxidation status of animal wastewater (Cathcart et al., 1994; Reddy et al., 2001 , Ro et al., 2007 . Although increased oxygen concentration was expected to promote nitrification in the pond section, m-p-m systems did not exhibit increased wastewater nitrogen removal when compared to continuous marsh systems (Poach et al., 2004b; Moore et al., 1995) . This discrepancy suggests that the increased oxygen concentration did not support an increased rate of nitrification. The restriction on nitrification likely resulted from the application of wastewater biochemical oxygen demand (BOD) in excess of the first marsh's removal capacity (Poach et al., 2004b) . Furthermore, the pond section increased the vulnerability to ammonia volatilization (Poach et al., 2002) . We also were interested to see if covering the pond section influenced the removal of estrogenic compounds (Lange, et al., 2002; Shappell et al., 2006) .
The objective of this research was to determine if covering the pond section with floating wetland vegetation could enhance nitrogen cycling, reduce ammonia volatilization, and lower estrogenic levels.
Experimental Methods
The manure-handling system was composed of primary (lagoon 1) and secondary (lagoon 2) anaerobic lagoons, constructed wetland cells, and a storage pond (Fig. 1) . The swine production unit was the farrowing facility at North Carolina Agricultural & Technical State University; Greensboro, NC, USA. The facility had ~ 100 sows and 15 boars. The wetland experiment was conducted using four, m-p-m wetlands at the swine research facility of the North Carolina A&T State University farm in Greensboro, North Carolina, USA. The wetlands (11 m x 40 m) were constructed in 1995 (Poach et al., 2002) . Each wetland system (WS) consisted of an 11-m x 10-m marsh at both the influent and effluent ends and an 11-m x 20-m pond section separating the marshes ( A floating cover was placed over the pond section of two wetland systems in January of 2004. Each floating cover was constructed on-site by Environmental Fabrics Inc., Gaston, SC. A floating cover consisted of 13 strips (1.2 m W x 12 m L) of material sewn together lengthwise. Each strip consisted of a 10-cm-thick recycled foam pad fused to a thin fabric that was 8 cm wider than the pad. The extra fabric was used to connect the strips together. The strips were connected such that they alternated in the following manner: foam pad facing down and foam pad facing up. The finished cover consisted of seven strips with the foam pad facing down and six strips with the foam pad facing up. After construction, the cover was pulled over the pond section and anchored on each side of the wetland system. Once anchored in place, peat soil was placed 15 cm deep along each section of the cover where the foam pad was facing up (Fig. 2) . Peat soil was obtained from a peat mine in Florida. The peat was then planted with cuttings of Giant Bulrush (Scirpus californicus) and bulrush obtained from the marsh sections of the wetland systems. By the summer of 2004, the floating cover was completely overgrown with a variety of wetland plants (Fig. 3) . The other plants likely grew from seeds resident in the peat soil.
The experiment was conducted in 2005. Manure in the swine houses was flushed with storage-pond water into the primary lagoon. Water was pumped from either lagoon (depending upon the desired load) into the wetland cells. Each 40-m by 11-m cell had a central aerated pond section (20 m by 11m, 75 cm deep) The pond section was mechanically aerated at a rate of 70 LPM via a network of aeration pipe on the pond bottom. The pond section of two cells was covered with floating mats planted with bulrushes (referred to as "covered") whereas the pond section of the two "open" cells consisted of duckweed (Lemna sp.) and algae. Holding capacity of each cell was ~ 130 m 3 of wastewater/cell. The wetlands were loaded at a rate of 10 to 20 kg N ha -1 d -1 from the lagoons. Wetland effluent was pumped to the storage pond and eventually completed the circuit to flush the barns. Residence time for the wetlands averaged 36 days as determined from wetland volume and inflow rate. Mass load and discharge were determined by multiplying the concentration by the flow rate. Removal efficiency was determined by dividing the difference between weekly mass inflow and out flow by the mass inflow. Estrogen samples were taken as described by Shappell et al. (2007) . Ammonia volatilization was measured as described by Poach et al. (2004a) . This procedure involved the use of a moveable, enclosed chamber with variable-speed fans on each end. It spanned the width of the wetlands, and ammonia in the air was collected in acid traps at the inlet and outlet of the chamber. The ammonia was analyzed as described below.
Acidified water samples were analyzed for ammonia-N, total Kjeldahl nitrogen (TKN), and orthophosphate (P0 4 ) using EPA methods 350.1, 351.1, 365.4, respectively (Kopp and McKee, 1983) . Other wastewater parameters were measured by standard procedures (APHA, 1998). Analyses were performed on automated analyzers (Technicon Instruments Corp., Tarrytown, NY, and Bran+Lubbe Corp., Buffalo Grove, Ill.) Data were analyzed by analysis of variance (ANOVA), and least significant difference (LSD) using sampling dates as experimental replication (SAS, 1990) . Estradiol equivalents data were compared based on assay: E-screen or LC MS-MS (Shappell et al., 2006 and .
Results and Discussion
The covered and uncovered wetlands were about the same in treatment efficiency (Table 1) . Furthermore, they were rather similar to the continuous marsh wetlands for treatment of most parameters. BOD mass reductions were ≥ 80 %. Total nitrogen removal was ≥ 70%. However, phosphorus removal, particularly ortho-P was lower (≤ 42%). The wetland system with the uncovered pond section was the poorest performer relative to phosphorus. This appears to be related to the hydraulic balance. It may have been that the plant communities of the covered pond and continuous marshes had higher ET losses.
While the wetland systems were quite similar in the total nitrogen removal, they were very different in their ammonia volatilization ( Table 2 ). The well-vegetated marsh wetlands have been documented to have low ammonia volatilization (Poach et al., 2002 (Poach et al., , 2003 (Poach et al., , and 2004a . In contrast, the pond section has been shown to be a significant source of ammonia volatilization, particularly at loading rates above 12 kg N ha -1 d -1 (Poach 2004a) . Results of this experiment are similar to those previously reported. When the loading rate was 11.75 kg N ha -1 d -1 , the ammonia volatilization from the uncovered pond section was 33%. This ammonia volatilization was blocked by the floating-wetland covered sections. The covered sections had low ammonia volatilization ≤ 3.1%. This was true even when the loading rate was 11.66 kg N ha -1 d -1 . Thus, the m-pm system with the covered pond provided good nitrogen removal without ammonia volatilization. The actual mechanism of the apparent denitrification is not defined by this experiment. However, it is well within the range of denitrification via several pathways Ro et al., 2006; and Raghoebarsing et al., 2006) While the floating cover wetland treatment did remove > 75% of the total nitrogen, lower ammonia volatilization, and remove 42% of the total P, it was not discernibly better than the continuous marsh wetlands. The working hypothesis was that the floating wetlands would provide sufficient nitrification to allow treatment in the range of the particle nitrification treatment reported by Poach et al. (2003) .
The wetland system with the covered pond section had the lower levels for all of the estrogenic components (Table 3) . However, the data for estrogenic compound removal was encouraging for both systems. The E-screen levels were reduced below the expected biological level in both systems (Shappell et al., 2006 and . The largest reduction seemed to come from the estrone component. a peer-reviewed Shappell et al., 2007. 2 Levels of significant differences by least significant difference (LSD), NS not significant, n= 5 sampling events.
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